Abstract
Introduction

41
Nevado del Ruiz, Colombia (Pierson et al., 1990) , Casita Volcano, Nicaragua (Scott et al., 2005) , and 42 Panabaj, Guatemala (Charbonnier et al., 2018) , demonstrate that they represent one of the most 43 significant hazards to people living in volcanic areas. The lahars generated years after the 1991 eruption 44 of Mt. Pinatubo (Janda et al., 1996) constitute the most voluminous and devastatingly widespread, as 45 well as one of the most long-lasting lahar episodes, ever recorded.
46
"Lahar" is an Indonesian term for a mixture of rock debris and water that flows downslope, beyond normal streamflows (Smith, 1986 ; Smith and Lowe, 1991; Vallance, 2000) . The term is genetic rather 48 than descriptive, encompassing a wide spectrum of sediment to water ratios and flow rheologies 49 (Manville et al., 2009 ). Lahars can be caused directly by eruptive activity or during post-eruptive or 50 quiescent periods. They are mainly generated by the remobilization of tephra-fallout and Pyroclastic
51
Density Current (PDC) deposits, but may also form from a previously emplaced debris avalanche 52 produced by the gravitational collapse and disintegration of the volcano edifice (Pierson et al. 2014 ).
53
After explosive volcanic eruptions, PDC deposits fill valleys and tephra-fallout deposits may blanket 54 the volcano flanks and, when the intensity of the explosive eruption is high enough, topographic reliefs 55 even hundreds of kilometres from the source. 
133
The eruptive sequence was divided into 3 main tephra units: I, II, and III (Pistolesi et al., 2015) . At 134 outcrops 25 to 50 km from the vent, the sequences appear as two, stratified, fine lapilli bearing 135 depositional units (I and II), covered by a third unit composed of multiple fine ash layers interbedded 136 with thin coarse ash to fine lapilli beds (III) (Fig. 2) . Unit I was emplaced during the first 24-30 hours 137 of the eruption (4 and 5 June) and unit II was emplaced during 5-7 June. Finally, unit III was mostly 138 emplaced from 7 until 15 June, although millimetres of fine tephra also sedimented during later low 139 level activity.
140
Tephra fallout produced several impacts on population, animals and vegetation (Elissondo et al., 2016) .
141
After the main explosive phase (4-7 June) a large volume of tephra mantled the steep hillslopes of the 142 U-shaped valley in the surrounding area of the volcano (Fig. 1a) . 
145
In this section we describe lahar, flood and snow avalanche events, including both data obtained from during the volcanic eruption by the Villa La Angostura Civil Defence and Mountain rescue group. lahars reached the valley bottom. Many lahars and related flood events were observed between the 150 Argentina-Chile border and Villa la Angostura (48 km from the vent). The tephra-fallout thickness, as 151 measured on 10 June was between 30 and 40 cm near the Argentina-Chile border and 12 and 15 cm at 152 Villa La Angostura (Pistolesi et al., 2015) . The eruption and subsequent tephra-fallout coincided with 153 the beginning of winter. In June, precipitation was falling as rain at 800 m, and as snow at 1,500 m.
154
Total precipitation accumulated between 7 and 10 June was 116 cm. 
167
One kilometre from the first creek, "Diana waterfalls" creek crosses road N. 231 under a bridge (red 168 triangle L1 in Fig 1b) . A lahar deposit is preserved at the foot of the waterfall, located 100 m upstream 169 from the road (Fig. 3b) . In outcrop, the material appears to be remobilized Cordón Caulle 2011 tephra.
170 Figure 5b shows a stratigraphic section with a total thickness of 143 cm and 7 distinct beds of 3 different 171 lithofacies: C, D and E. Type C is a massive, pumice rich, coarse to fine gravel, clast supported deposit, 172 with some coarse sand. Type D is a massive, pumice rich, coarse sand with little fine gravel. Type E is 173 a massive, pumice rich, coarse sand to fine gravel, supported in a fine sand silty matrix.
174
Both lahar deposits from "Diana waterfalls" and "Road 231" are characteristic of hyperconcentrated 175 flows (Pierson, 2005) which, in our case, is a friable deposit with very little silt and clay. The lack of 176 large boulders in the deposit is another characteristic of hyperconcentrated flows.
177
Mud marks found on the top of the bridge (2m above the river bed) suggest the lahar reached the Blanco
178
River through the bridge.
179
At the same time lahars occurred in the Totoral basin, located approximately 7 km northeast of "Diana 180 waterfalls" creek (Fig. 1b) . The lahars starting in channels on the valley slopes reached the main river, 181 causing bank erosion and overbank flows. Flooding and sediment deposition in the Totoral River valley 182 damaged houses in Paráje Rincón and destroyed trees ( Fig. 4c and d) . and hillslopes caused flooding and tephra accumulation in Villa La Angostura, which is situated on the alluvial fan (Fig.1b) 
215
Three field campaigns were conducted to examine and collect samples in the lahar prone watersheds 216 near both the Chile-Argentina border and Villa La Angostura (Fig. 1b) 
266
Initially, Montgomery and Dietrich (1994) considered cohesion cˊ to be zero, which is realistic for air-267 fall cohesionless volcanic materials. After neglecting cohesion, the infinite slope stability model can be 268 solved for h/z, which is the proportion of the soil column that is saturated at failure
where ρ s and ρ w are the soil and water bulk density respectively and ˊ is the soil friction angle.
273
Combining the slope stability hydrological models (Eqs. 1-2), we obtain the critical steady-state 274 precipitation event q/T required to cause instability for cohesionless soils 
285
SHALSTAB classifies landslide susceptibility as: "unconditionally stable", "potentially unstable" and 286 "unconditionally unstable". Slopes that are stable even when W=1 (wet) are classified as unconditionally 287 stable, and excess pore pressure is needed to generate slope instability. Similarly, slopes predicted to be 288 unstable even when dry (W=0) are unconditionally unstable. Landslide susceptibility is calculated using 289 equations 3 and 4, obtaining a range of values for q/T. Since T is much greater than q, q/T is very small, 290 meaning it is helpful to convert these values to log(q/T), which are found to range from -10 and 10. stable areas and have the greatest potential for shallow landslides. Thus, the general scope of such 295 analysis is to attribute the q/T values as "instability descriptors" to each single cell of the DEM (Digital 
where ψ is the pressure head, K(ψ) is the pressure-head dependant hydraulic conductivity, C(ψ) = dθ/dψ 319 is the specific moisture capacity, θ is the volumetric water content, β is the slope angle of the ground 320 surface, and Z is the vertical depth (Philip, 1991) . For wet initial conditions the pressure dependent 
352
For both SHALSTAB and TRIGRS, the thickness of the tephra-fallout deposit was taken to be 15 cm,
353
in agreement with the corresponding isopach map (Fig. 1a) (Pistolesi et al., 2015) . However, the tephra- for homogenous deposits or soil, the modelled tephra-fallout deposit was simplified, and two different 359 scenarios were considered. The first scenario (S1) considers a homogenous ash layer of 15 cm (i.e.
360
UnitI+II+III) (Fig. 4) . For the second scenario (S2), we considered a 10-cm thick lapilli layer (Fig. 6 ).
361
For locations 28 km from the vent area we used a tephra-fallout deposit thickness of 30 and 20 cm for 362 scenarios 1 and 2 respectively.
363
The soil mechanical features, as well as the slope angle are reported in Tab. 1-2. Hydraulic conductivity saturating the material with water. We then measured the time taken for the water to drain to estimate the hydraulic conductivity (Tab. 2). As long term and short-term pressure head responses can be 367 described with the simplified forms of Richards equations, where the ratio ɛ=Z/ , we obtained ≪ 1
368
the upslope contributing area (a) for the lahar source zones using Taborton´s (1997) D algorithm -∞
369
and calculated ɛ for a depth of 0.15 m. Values of ɛ are between 0.015 and 0.004.
370
For initial conditions in TRIGRS, we considered the water table to be located at the bottom of the tephra 371 sequence (lower boundary) and an impermeable layer below the tephra sequence, which were emplaced 372 on cretaceous rock outcrops, debris mantled slopes and volcanic soils.
373
The rainfall intensity I was determine according to daily rainfall data from the "Villa La Angostura" 
397
We quantified the quality of model fitting to the field evidence through the Jaccard similarity coefficient 398 ( ) (Kubanek et al. 2015) by dividing the intersection of the observed source areas A obs and unstable 399 modelled areas A sim by their union. Observed source areas determined unstable by the model ( obs ∩ 400 ) are classified as true positive (TP), and those computed as unstable by the models, but not observed sim simulation (Fig. 8) .
404
The Jaccard similarity coefficient is by the Piedritas River, which splits into at least two channels before reaching the Nahuel Huapi Lake.
452
The La Ponderosa, Maderera Misiones and El Muerto watersheds drain the southern Cerro Bayo flank 453 (Fig. 1b) . The upper catchment source area has steep slopes between 15° and 45° and range in area from 
462
on the talus debris slope unit. Otherwise shallow landslides occurred where the tephra deposit was lying 463 either on outcropping rock or the steep talus debris slope (Fig. 9d) . The tephra was mobilized into first 464 order drainage concavities (Fig. 9e) , located on the talus debris slope. Measurements, on these mobilized 465 deposits, performed in November 2011, found a 15 cm primary tephra fall deposit and 15 cm of 466 remobilized tephra.
467
Observations from December 2016 in the upper catchment of Florencia and Colorado, showed that the 468 2011 tephra deposit was almost completely eroded from the rock outcrops and bare hillslope since the Part of the eroded tephra remains in the first order channels. Figure 10 shows the tephra deposit erosion 472 stage in the Florencia upper catchment between June 2011 and December 2016. Tephra was first 473 removed from rock outcrops, which represent 22% of the whole upper catchment (Fig. 10b) . At the same 474 time tephra from hillslopes (31%) was partially removed by rill erosion, shallow landslides and 475 downslope creep mostly related to snowmelt during the spring (Fig. 10b) . Five years later, tephra was 476 almost completely removed from rock outcrops and unforested hillslopes. Part of the eroded sediment 477 remained in the first order channel and in the forested areas which represent 8% and 39% of the upper 478 catchment, respectively (Fig. 10c) . The tephra sequence was well preserved on the forested hillslopes. 
480
Modelling
511
TRIGRS model S1 determined most of the source areas to be in the bare soil areas (Fig. 14b) , but also 512 predicted a lot of the forested stable areas to be unstable (FP). This is reflected in the model precision 513 (57%). Figure 14c shows that for the case of the lapilli deposits (scenario 2) and 24h of rainfall, the 514 model underestimated the fraction of observed source areas, but was more accurate in the forested stable 515 areas (R MS 62.9%). Finally, the unstable volumes in both bare soil upper catchment areas, as calculated 516 from the best fit scenario, are presented in Tab. 7. 
Remarks on modelling results
522
The direct investigation of the lahar source areas of the 2011 eruption of Cordón Caulle provided 523 invaluable insights into lahar triggering mechanisms and the amount of remobilised tephra. Tephra-524 fallout properties (friction angle, hydraulic conductivity and diffusivity) required by numerical models 525 and obtained for the ash and lapilli sequences around Cordón Caulle, represent the first data derived for 526 this region. The 2011 tephra-fallout stratigraphy, with 2 contrasting layers (ash and lapilli), is too 527 complex to be analysed with the SHALSTAB and TRIGRS models, which are designed for homogenous 528 deposits. We therefore considered, two different scenarios. Comparing the two models, we found that 529 TRIGRS provides an estimation of the timing (based on a storm event) and location of a potentially 530 unstable area, while the topographic effects on shallow landslides can be determined with SHALSTAB.
531
For both models, results are sensitive to the physical properties of the tephra-fallout sequence and thus 532 require accurate knowledge of the hydraulic and materiel strength properties at the scale of catchment 533 area. TRIGRS requires additional parameters such as hydraulic diffusivity and information on initial 534 water table. The results obtained with TRIGRS demonstrate that shallow landsliding is possible in our 535 study area for both ash and lapilli bearing sequences. However, the ash sequence (scenario 1), with the 536 low permeability and diffusivity, has a higher predisposition for instability compared with the high 537 permeability and diffusivity lapilli sequence (scenario 2). The same maximum unstable areas are found 538 for the 3 different storms in the case of ash sequences (S1), but the time needed to reach the maximum 539 is different. For the lapilli sequences (S2), the unstable area percentage decreases as the rainfall intensity 540 decreases, and the unstable area percentage increases with time.
541
Only having daily rainfall data, instead of more detailed hourly data, was a limitation for the simulations instability (FS<1) decreases with rainfall intensity, as demonstrated in Figs. 12 and 13 where the rate of 545 growth of the unstable area is faster for higher rainfall intensity. Therefore, we tested different rainfall 546 intensities and duration according to daily rainfall data in the study area.
547
As we already described in section 3.1.2, we did not observe shallow landslides in the 2011 tephra 548 deposit on the forested hillslope. For the TRIGRS model we accounted for rain interception (25%) in 549 forested areas, but still prediction many unstable areas, which did not match with observations. There 
582
In the case of a probabilistic lahar-hazard assessment, with no information on hydraulic conditions and 583 tephra-fallout properties at the scale of lahar processes, the choice of a simple slope stability model to 584 calculate potential lahar source region was appropriate. (Table 7 ). In the case of Colorado bare soil upper catchment TRIGRS model simulated that only 607 27.2% and 12.9% would be unstable for scenario 1 and scenario 2 respectively (Table 7) .
608
An evaluation of potential mobilised volumes is fundamental to the modelling of both lahar spreading 609 and inundation that is required for the compilation of lahar-hazard maps. Our results demonstrate the 610 importance of using physical models (e.g. TRIGRS) combined with geotechnical data (when available) 611 so to provide accurate estimates of remobilised tephra volumes. Our results also show the potential of 612 using the SHALSTAB and TRIGRS models to predict the solid fraction of a lahar triggered by rainfall.
613
As an example, our new data on rain-triggered lahars for the 2011 eruption of Cordón Caulle can be 614 used as input for lahar-hazard assessments. The results obtained with shallow landslide models using results for variable rainfall IDF (rain triggered lahar susceptibility map) with a lahar run-out model. The total unstable area in each river upper catchment is the potential mobilised sediment volume used as 619 input in lahar run-out models. In addition, the evaluation of unstable area obtained with physically based 620 models such as TRIGRS or SHALSTAB provide important inputs for compiling dynamic lahar-hazard 621 maps of long-lasting eruptions, that can be adapted through time according to the varying eruptive 622 dynamics (variation of tephra thickness and grainsize, rainfall, etc.).
624
Conclusions
625
We have presented a detailed analysis of rain-triggered lahars combining geomorphological 626 observations and geotechnical data with numerical studies based on two slope-stability models:
627 SHALSTAB and TRIGRS. We applied our methodology to events that occurred after the main phase of 
646
The comparison between the different scenarios modelled with TRIGRS shows that: 647 1) an increase in rainfall intensity increases the extent of unstable areas for lapilli layers (scenario 2).
648
Conversely, the extent of unstable areas is not affected by rainfall intensities for ash layers (scenario 1); 649 2) the time taken for positive pore pressure to develop is larger for larger values of tephra-fallout 650 thickness (ground surface to depth H) and depends on the transient groundwater response time H 2 /D 0.
651
The shallow landsliding process modelled with SHALSTAB and TRIGRS provides important data of of considering the presence of different ash layers and associated geotechnical data in the susceptibility of a slope. . 1b) .
931
The stratigraphic section represents 5 beds of alternating type A and type B lithofacies. 2) Photograph 932 of an exposure of lahar deposit in "Diana waterfalls" creek (L2 in Fig 1b) . The stratigraphic section 933 shows a sequence of 7 beds with 3 different types of lithofacies (C, D and E). 0.1 3.9 x 10-2 1.8 x 10-2 5.8 x 10-3 53 13 0 Table 3 : Rainfall intensities and duration used in TRIGRS simulations. We assumed that a constant rainfall flux of 3.3 mm/h for 24 hours represent a high intensity rainfall. As well, a medium intensity of 1.6 mm/h and a low intensity of 0.83 mm/day were considered for 48 hours and 72 hours, respectively. For forested area we considered a rainfall interception of 25% and calculated the intensities according to this. 
